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Extended Data Fig. 1 | Examples of serial EM sections showing CF-MLI 
contacts. a. Series of EM sections shows a CF (blue) contacting an MLI2 (green) 
for two CF-MLI2 contacts (similar to Fig. 2a), with each column corresponding 
to a different CF-MLI2 contact. b. As in a but for two CF-MLI1 contacts. c. EM 

reconstructions based on images that include those in (a). CF contact (blue) 
MLI2 (green) contact, and the red dots indicate the GrC-MLI contact sites.  
d. As in (c), but for CF-MLI1 contacts and the series in (b).



Extended Data Fig. 2 | The NMDAR subunit Grin2b is present at much higher 
levels in MLI2s than MLI1s. Sorcs3 (purple), Nxph1 (green) and Grin2b (red) were 
labeled using HCR. Sorcs3 labels MLI1s, and Nxph1 labels MLI2s. a. MLI1s 
identified on the basis of prominent Sorcs3 expression did not have prominent 
Grin2b expression. b. Average fluorescence for Sorcs3+ cells (n = 60). c. MLI2s 

identified on the basis of prominent Nxph1 expression also had strong Grin2b 
expression. d. Average fluorescence for Nxph1+ cells (n = 82). e. Summary  
of Grin2b fluorescence for individual MLI1s (Sorcs3+) and MLI2s (Nxph1+).  
f. Normalized cumulative Grin2b fluorescence for individual MLI1s and MLI2s.
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Extended Data Fig. 3 | Examples of EM reconstructions used to evaluate the 
circuitry influenced by CF activation. a. Reconstructions are shown as in 
Fig. 3c. For a PC directly excited by a CF (dark blue), inhibitory synapses made 
by MLI1s that are contacted by the CF (CF-MLI1-PC1, light blue), MLI1-PC1 
synapses that are CF-MLI2-MLI1-PC1 circuit (red), and MLI1-PC synapses for 

MLIs that are both directly contacted by CFs, and part of the CF-MLI2-MLI1-PC1 
circuit (black). (right) Reconstruction of a neighboring PC and the MLI contacts. 
b. As in (a) but for a different pair of PCs. Note that CF-MLI1-PC1 connections are 
very rare (light blue).



Extended Data Fig. 4 | Summary of CF-evoked changes in firing for individual 
MLI1s are shown for in vivo recordings and simulations. a. Scatter plot of the 
in vivo CF-evoked increases in MLI1 firing (1-2 ms) vs. the decrease of MLI1 firing 
(3-6 ms). MLIs in the upper right quadrant have prominent excitation without 
inhibition, cells in the lower left have inhibition without excitation, and cells in 
the upper left have both excitation and inhibition. There seem to be relatively 
few cells with strong excitation and inhibition, but this may in part reflect the 
relatively broad time courses of CF-MLI1 excitation that can overlap with CF-
MLI2-MLI1 inhibition. b. As in (a) but for simulations. MLIs that are contacted  
by the CF (dark purple) and those that are not contacted (light purple) are shown. 
c. Average responses in simulations are shown for MLI1s that are contacted  
by the CF (dark purple) and those that are not contacted (light purple). This 
suggests that there are two classes of MLI1 responses: one type is only inhibited 
and the other is both excited and then inhibited. In the model, excitatory and 
inhibitory components can be readily separated based on timing, whereas this 
is not always possible for In vivo recordings.
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Extended Data Fig. 5 | Summary of firing statistics and waveforms for cell 
types recorded with Neuropixels. a. Baseline firing rates of all recorded cell 
types. (MF, n = 256; PCSS, n = 125; PCCS, n = 244; MLI2, n = 18; MLI1, n = 112).  
b. Representative waveforms for all recorded cell types in (a) (left) and 
autocorrelograms of all units of each cell type (right).



Extended Data Fig. 6 | Schematic of the timing of components that make up 
CF-evoked responses in MLI2s, MLI1s and neighboring PCs. a. CF activation 
opens AMPARs in a PC dendrite and produces an extracellular signal (PCCS).  
b. Glutamate diffuses form the CF to nearby GrC-MLI PSDs. c-e) These are the 
currents that would be measured at resting potential. Inward currents are 
excitatory and outward currents are inhibitory. CCGs have a slight additional 
delay that reflects the time taken to trigger a spike and are in the opposite 
direction (inward currents are excitatory and outward currents are inhibitory). 
c. Glutamate spillover from CFs excites MLI2s. There is a slight delay as a result 
of glutamate diffusion. d. CF-evoked responses in MLI1s have 3 components. 
First, the extracellular signal associated with an extremely rapid ephaptic 

inhibition of MLI1s. This component is much smaller for MLI1s than PCs, and 
further experiments are needed to establish the mechanism underlying this 
inhibition for MLI1s. Second, CF→MLI1 spillover synapses excite some MLIs 
with the same time course as CF excitation of MLI2s. Third, there is an 
inhibitory component from the CF→MLI2→MLI1 pathway that has an additional 
synaptic delay. e. CF-evoked responses in MLI1s have 2 components. First, the 
extracellular signal associated with an extremely rapid ephaptic inhibition of 
PCs that has been characterized previously31. Second, changes in MLI1 firing 
will alter MLI1-PC inhibition. The primary component of this influence is the 
disinhibitory CF→MLI2→MLI1→PC pathway, which has an additional delay the 
MLI1-PC synapse.
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Extended Data Fig. 7 | Additional summary of PCCS calcium responses.  
a. Z-scored heatmap of airpuff evoked PCCS events sorted by latency to peak  
for each dendrite. b. Probability distribution of the number of airpuff evoked 
spikes per dendrite per trial. c. Distributions of the integrated calcium 

transients of the conditions in Fig. 5d (spont. vs 1 spike, p = 3.38e-06; 1 spike vs 
>1 spike, p = 1.9e-51). d. Distributions depicting the fraction of dendrites that 
fire at least one spike in a 500 ms window before the airpuff (spont.) and 500 ms 
after the airpuff (evoked) (p = 4.2e-32).



Extended Data Fig. 8 | Estimating and eliminating potential fluorescence 
contamination from ROIs. a. To estimate the spread of fluorescence in our 
imaging experiments, we used the spontaneous PCCS events from all dendrites, 
isolating spikes that occurred when there was no active neighbor within 100 μm 
and 100 ms. Averaging these events revealed a fluorescence change (ΔF) profile 
that decayed to baseline within roughly 10 μm from the center of each ROI.  
This suggests that contamination should not be an issue for more distant PCs, 
and that crosstalk between ROIs cannot explain the influence of neighboring 
CFs that extends to approximately 60 μm (Fig. 5g), or the dependence of 
enhancement on the number of active dendrites (Fig. 5h). However, it suggests 
that some closely spaced ROIs could exhibit contamination from nearby 
neighbors. b. To exemplify this potential problem, we illustrate the mean ΔF 
profiles for two nearby ROIs. Note the overlap in the tails of each distribution.  
c. The field of view (FOV) from Fig. 5b is shown with the two ROIs used to 
exemplify ΔF decay in b highlighted ( yellow). The dashed line represents the 
plane orthogonal to the vertical axis of the ROIs with the closest distance 
between the example ROIs. d. 4x magnification of the example ROIs from a and 
b, re-oriented in the vertical axis of the ROIs. e. Shape invariant contamination 
map representing the average fractional fluorescence spread as a function  
of distance and angle from all ROIs (see Methods). This approach captures 
asymmetric contamination patterns that would be averaged out in a one-
dimensional radial analysis. By fitting each angular profile with an exponential 
decay, we defined the zone of contamination as the entire region where the 
exponential decay remained above 0. This produced a binary contamination 
mask (white outline), meaning that any pixel whose fitted contamination 
exceeded zero was considered contaminated. This deliberately conservative 
cutoff ensured that even minimal optical overlap was excluded from subsequent 
analyses. f. ROIs from b,d shown with their individually modeled ΔF decay 
outside of their respective ROIs. g. Using the shape-invariant model of ΔF decay 
warped around each individual ROI (see Methods), we removed any pixels that 
overlapped with the ΔF decay of all neighboring ROIs. The resulting example 
ROIs are shown on the same scale as c. h. ROIs from b,d shown after trimming  
all pixels with potential contamination from all neighboring PCs. i. Summary of 
PCCS events, comparing responses for full ROIs and ROIs after trimming pixels 
with potential contamination. ROI trimming did not significantly alter PCCS 
responses, suggesting that the contribution of contaminated pixels was minimal.
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Extended Data Table 1 | Properties of CF-MLI contacts, MLI1s and MLI2s used to estimate  
the fraction of GrC -MLI contacts that are influenced by CF contacts and glutamate release

Rows 1, 2, 4 and 5 were determined from EM reconstructions. Rows 3, 6 and 7 were calculated: GrC_MLI1_1CF_cell=GrC_MLI1_1CF*  
CF_MLI1, GrC_MLI1_total= GrC_MLI1_d_10* MLI1_d_length/10, and %GrC_MLI1_1CF = 100* GrC_MLI1_1CF_cell / GrC_MLI1_total.  
Estimates of the total numbers of GrC synapses onto individual MLIs would be improved by determining the density of GrC synapses  
for longer dendritic regions.



Extended Data Table 2 | Summary of number of replicates and statistical tests for all Figures and Extended Data Figures

Figure Group Units Sample Size (n) Mean SEM Statistical Test Test Result 

1c 

CF-MLI1 
# MLI contacts per CF 10 CFs 

6.8 1.45 Two-sided paired 
t-test p = 0.0001 

 80.2 6.61 2ILM-FC
CF-MLI1 

# MLIs per CF 10 CFs 
4.9 0.89 Two-sided paired 

t-test p = 0.88 
 86.0 8.4 2ILM-FC

1f 

CF-MLI1 
# CF contacts per MLI 

10 MLI1s 0.5 0.22 Two-sided unpaired 
t-test p = 0.00024 

 58.0 05.4 s2ILM 01 2ILM-FC
CF-MLI1 

# CFs per MLI 
10 MLI1s 0.40 0.16 Two-sided unpaired 

t-test p = 0.0002 
 52.0 08.1 s2ILM 01 2ILM-FC

2i 
MLI1 

CF surface area (µm2) 
10 contact sites 0.69 0.10 Two-sided unpaired 

t-test p = 0.0016 
 42.0 16.1 setis tcatnoc 01 2ILM

2j 
MLI1 #GrC synapses within 

1 µm of CF contact 
10 contact sites 1.20 0.25 Two-sided unpaired 

t-test p = 0.0016 
 14.0 09.2 setis tcatnoc 01 2ILM

2u CF-MLI2 
in 1.5 mM Caext 

size (pA) 23 MLI2s 393 39     
rise (ms) 23 MLI2s 0.59 0.04     
decay (ms) 23 MLI2s 3.73 0.14     
CV 23 MLI2s 0.08 0.01     
PPR 23 MLI2s 0.24 0.01     
TBOA size (%) 7 MLI2s 135 7     
TBOA decay (%) 7 MLI2s 349 30     
NMDA size (pA) 9 MLI2s 65 8     
NMDA/AMPA 9 MLI2s 0.40 0.07     

2v CF-MLI1 
in 2.5 mM Caext 

size (pA) 19 MLI1s 116 21.3     
rise (ms) 19 MLI1s 0.72 0.06     
decay (ms) 18 MLI1s 2.3 0.2     
CV 19 MLI1s 0.15 0.02     
PPR 18 MLI1s 0.26 0.03     
NMDA/AMPA 8 MLI1s 0.02 0.01     

2w 

GrC-MLI1 
PPR 

23 MLI1s 1.40 0.04 Two-sided 
Mann-Whitney test p = 0.33 

 30.0 23.1 s2ILM 7 2ILM-CrG
GrC-MLI1 

NMDA/AMPA 
23 MLI1s 0.025 0.004 Two-sided 

Mann-Whitney test p = 2.8 x 10-5 
 40.0 03.0 s2ILM 8 2ILM-CrG

3d 
CF-MLI2-MLI1-PC 

# synapses on  
same PC 10 CFs 

280 50     
     9.0 5.1 CP-1ILM-FC
     61 95 htob

3d 
CF-MLI2-MLI1-PC 

# synapses on 
neighbor PC 10 CFs 

258 45     
     3.0 4.0 CP-1ILM-FC
     7.9 5.04 htob

3k PC vs MLI1 
(z-score) slope 394 pairs -0.50 0.04 Linear Correlation r = -0.45 

p < 1 x 10-20 

3i 

CS-MLI2, 1-2 ms 

Δspk/s 

56 pairs 31.5 4.9     
     55.0 50.2 sriap 981 sm 2-1 ,1ILM-SC
     64.0 36.3- sriap 981 sm 5-3 ,1ILM-SC

CS-PCss      07.0 32.6 sriap 29 sm 7-4 ,

3m 

PCt1 

latency (ms) 

35 pairs 0.24 0.04     
MLI2t1      70.0 05.0 sriap 92 
MLI1t1      70.0 38.0 sriap 22 
MLI1t2      50.0 34.2 sriap 81 
PCt2      70.0 90.4 sriap 12 

5j 

neighbor only 

∫ΔF/F 

 307 rois 0.0056 0.0019      
      700.0 2181.0 sior 582  cnys on

  3700.0 9832.0 sior 403  cnys Kruskal-Wallis H 
test  p = 3.2 x 10-23 

 3030.0  1543.0 sior 67  cnys on kps 1 >    
      6610.0 9444.0 sior 572  cnys kps 1 >

ED2e 
MLI1 

Grin2b fluor (a.u) 
60 MLI1s 291 16 Two-sided 

Mann-Whitney test p=1.3 x 10-173 
 63 759 s2ILM 28 2ILM

ED5a 

MF 

Hz 

256 units 13.4968 0.9228      
     5563.3 0015.48 stinu 521 ssCP
     0420.0 3713.1 stinu 442 scCP
     3833.3 0601.62 stinu 81 2ILM
     3525.1 6252.82 stinu 211 1ILM

ED7c 

spont. 

∫ΔF/F 

303 rois 0.1668 0.0080     

 2500.0 0112.0 sior 013 ekips 1 Kruskal-Wallis H 
test  p=7.6 x 10-77   

     7410.0 3324.0 sior 182 ekips 1>

ED7d 
spont. fraction active 

dendrites/trial 
521 trials 0.2435 0.0075 Two-sided 

Mann-Whitney test  p=4.5 x 10-25 

     1800.0 0553.0 slairt 125 dekove

ED8i 

full ROI no sync 

∫ΔF/F 

360 rois 0.1788  0.0056      

  8600.0 1652.0  sior 493 cnys IOR lluf Kruskal-Wallis H 
test  p=1.5 x 10-31  

      700.0 2181.0  sior 582 cnys on IOR detcerroc
      3700.0 9832.0 sior 403 cnys IOR detcerroc
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Extended Data Table 3 | Model Parameters

Symbol Parameter Value Notes 
MLI1 properties 

 membrane capacitance 20-30 pF, drawn from a uniform distribution Ref. 17 
 resistance Increasing linearly by distance from the PCL, 0.1-0.9 GΩ Approximates [17]. A distance dependence was needed to reproduce 

MLI1-MLI1 CCGs. Constant values led to sustained synchronous firing.  
 intrinsic noise ( / ) = − + √  ( ) 

= 0.2 , = 1 , and ( ) is white noise 
Ornstein-Uhlenbeck process, introduced to replicate firing statistics in 
vivo. 

 refractory period Drawn  from a uniform distribution (2-10 ms) Chosen to ensure a maximum firing rate of 200 Hz17. 
Δ  Spike slope factor 0.5 mV Approximates spike shape in17, and tuned to match MLI1-MLI1 CCGs. 

 soft threshold -57 mV Chosen to approximate the rheobase in the f-I curve in [17]. 
 AP peak, width 20 mV, 1 ms Approximates the peak and spike shape of the action potential in [17]. 
 reset potential -85 mV Chosen to match the slope of the f-I curve in [17]. 

,  EPSC, IPSC reversal  0 mV, -80 mV Ref. 54. 
 resting (leak) potential Firing rates were drawn from a lognormal distribution 

(parameters ln(26) and ln(1.5)) restricted to [1-60] Hz. 
Parameters were chosen to have the firing rate distribution in the 
presence of electrical coupling approximate the distribution in17.    

 density 28000/mm3 with a minimum pairwise distance of 10 μm. Approximates EM reconstructions8 spacing of 33 μm. 
 dendritic arbor extents 200 μm x 200 μm x 20 μm, centered at the soma Approximates EM reconstructions8. 
 axonal arbor extents 200 μm x 200 μm x 40 μm, centered at the soma Approximates the data underlying the postsynaptic contacts in8. 
MLI2 properties 

 membrane capacitance 30-40 pF, drawn randomly from a uniform distribution Ref. 17. 
 resistance 1-2 GΩ, drawn randomly from a uniform distribution Ref. 17. 
 intrinsic noise Ornstein-Uhlenbeck process as for MLI1s.   

 refractory period Drawn randomly from a uniform distribution (2-10 ms) Upper limit ensures a maximum firing rate of 200 Hz based on17.  
Δ  Spike slope factor 0.5 mV Approximates the spike shape in17. 

 soft threshold -60 mV Chosen to approximate the transition point in the f-I curve in17. 
 AP peak 20 mV Approximates the peak of the action potential in17. 

 reset potential -70 mV Chosen to match the slope of the f-I curve in17. 
 action potential width 1 ms Approximates spike shape in17. 

, VI EPSC, IPSC reversal 0 mV, -80 mV Ref. 54. 
 resting (leak) potential Firing rates were drawn from a lognormal distribution 

Parameters ln(7) and ln(2)) restricted to the 1-30 Hz.. 
The desired firing rates were based on the distribution in17. 

 density 10500 mm-3, drawn randomly, minimum distance 10μm. Based on EM reconstructions8. Corresponds to lattice spacing of 46 
μm. 

 dendritic arbor extents 200 μm x 200 μm x 20 μm, centered at the soma Based on EM reconstructions8. 
 axonal arbor extents 150 μm x 150 μm x 40 μm, centered at the soma Approximates the data underlying the postsynaptic contacts8. 
MLI-MLI/PC synaptic properties and MLI1-MLI1 electrical coupling 
 Maximum connection 

probabilities 
MLI1-MLI1 synaptic: 0.4, MLI1-MLI2: 0.6, MLI2-MLI1: 
0.8, MLI2-MLI2: 0.5, MLI1-PC: 0.95, MLI1-MLI1 electrical: 
1 

From8. Connection probabilities were scaled by volume overlap 
(axodendritic for chemical and dendrodendritic for electrical). 

 Maximum synaptic 
conductances 

MLI1-MLI1: 0.2 nS, MLI1-MLI2: 0.1 nS, MLI2-MLI1: 1 nS, 
MLI2-MLI2: 0.1 nS, MLI1-PC: 1 nS. 

Based on slice experiments8.  

 Delay, rise, decay  time 0.5 ms, 0.5 ms, 1.9 ms Ref. 54. 
 Max. gap junction g 0.6 nS Ref. 8. 

 Electrical delay 0.6 ms Refs 55, 56. This delay prevented sustained synchronous MLI1 firing.  
GrC and CF synaptic properties 

 ( ) GrC PF conductances GrC-MLI1, GrC-MLI2: 1.2 nS, GrC-PC: 0.2 nS GrC-MLI: Ref. 54, GrC-PC Ref. 57 
 Rise time, Decay time 0.1 ms, 2ms From slice recordings of EPSCs. 

 ( ) Size for each contact CF-MLI2: 1.2 nS (1 mA over 12 contacts) 
CF-MLI1: 0.375 nS (170 pA over 5 contacts) 

Fig. 2. The CF-MLI1 value was reduced by 25% from 0.5 nS to account 
for the increased external Ca. 

 Delay 0.5 ms  
 Rise time CF-MLI1: 1.1 ms, CF-MLI2: 0.7 ms Fig. 2 
 Decay time CF-MLI1: 1.2 ms, CF-MLI2: 2.2 ms Fig. 2 
PC properties 

 Somatic capacitance 20 pF Ref. 52 
 Dendritic capacitance 1500 pF Ref. 52 
 Somatic conductance 0.1 nS Ref. 52 
 Dendritic conductance 7.5 nS  Ref. 52 
 Junctional conductance 170 nS Ref. 52 

Δ  Spike slope factor 0.75 mV Ref. 52 
 Soft threshold -45 mV   

 AP peak 20 mV  
 Reset potential -55 mV   
 Action potential width 100 μs Ref. 52 

, VI EPSC, IPSC reversal 0 mV, -70 mV  
,  Dendritic resting (leak) 

potential 
-60 mV Ref. 52, shifted by -60mV. 

,  Somatic resting V (leak)  Uniformly distributed between 600 and 800 mV Effective leak capturing intrinsic currents leading to spontaneous 
activity between 60 and 100 Hz. 

 Grid spacing 30 μm; PCs placed on a sheared lattice Approximates EM reconstructions36.  Neighboring PCs were shifted off 
the parasagittal plane by 5 μm. 

 dendritic arbor extents 200 μm x 200 μm x 10 μm, centered at soma to top of 
ML 

Approximates EM reconstructions 36. 

The following references are cited in the table: refs. 8,17,36,52,54–57.
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